Self-Assembly of Rod-Coil Polyethylenimine-Poly(ethylene glycol)-a-Cyclodextrin Inclusion Complexes into Hollow Spheres and Rod-Like Particles by Cheng, Cong et al.
Communication
Macromolecular
Rapid CommunicationsSelf-Assembly of Rod–Coil Polyethylenimine–
Poly(ethylene glycol)– α -Cyclodextrin Inclusion 
Complexes into Hollow Spheres and Rod-Like 
Particles
Cong Cheng, Xiao-Juan Han, Zhen-Qiang Dong, Yan Liu, Bang-Jing Li,* 
Sheng Zhang* This paper describes the self-assembly of rod–coil inclusion complexes, polyethylenimine–
poly(ethylene glycol)– α -cyclodextrin (PEI–PEG– α -CD). It is demonstrated that  α -CDs should 
exclusively thread on the PEG block in PEI–PEG copolymers and the resulting complexes have 
both rigid block (PEG– α -CD) and coil block (pro-
tonated PEI). By varying the rigid block fraction, 
aggregates with hollow spheres or rod-like par-
ticles could be formed simply by self-assembly in 
aqueous solution.  1. Introduction 
 An emerging theme in nanotechnology and supramo-
lecular self-assembly research is to develop nanomate-
rials with new and improved properties by controlling 
or manipulating their shape. [ 1 ] Recently, reports suggest 
that shape of particles plays an important role in their 
behavior of rheology, intracellular distribution, and Macromol. Rapid Commun. 2011, 32, 1965−1971
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bacterial pathogens, including the Gram-negative bacteria 
 Salmonella ,  Shigella , and  Yersinig and the Gram-positive 
bacterium  Listeria monocytogene , can induce their entry 
into nonphagocytic mammalian cells. [ 2c ] Discher and co-
workers [ 2 a] found that rod-like particles showed longer cir-
culation time and higher targeting efﬁ ciency than their 
spherical counterparts. However, fabricating rod-like par-
ticles of controlled dimensions is relatively more difﬁ cult 
than fabricating spherical particles. 
 The most prominent approach for fabricating rod-
like particles was self-assembly of molecules. It is well 
known that amphiphilic polymers can self-assemble 
to generate various morphologies including micelles, 
vesicular aggregates, and rods. [ 3 ] But up to now, the for-
mation of nanoparticles with hollow tubular cavity is 
limited to several amphiphilic molecules including pep-
tide amphiphiles, diacetylene phospholipids, glycolipid, 
and amphiphilic copolymers having hydrogen-bonding brary.com 1965 DOI: 10.1002/marc.201100514 
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1966groups. [ 4 ] Among these materials surveyed, only few 
molecules are biocompatible and self-assemble in water, 
which limits their application in bioengineering and 
pharmaceutical ﬁ eld. In addition, many model polymers 
are challenging to be synthesized and be available in 
low yield. 
 In this paper, we develop a novel approach to construct 
rod-like nanoparticles and hollow spheres by inclusion 
of polyethylenimine–poly(ethylene glycol) (PEI–PEG) and 
 α -cyclodextrin ( α -CD), in which  α -CD exclusively thread 
on the PEG chains to form rigid block. By varying the rigid 
block length fraction, aggregates with hollow spheres or 
tube could be formed simply by self-assembly in aqueous 
solution. The building blocks in this study such as PEG,  α -
CD, and low-molecular-weight PEI are biocompatible and 
biodegradable materials. 
 2. Experimental Section 
 2.1. Materials 
 Methoxy PEG (mPEG,  ≥ 99%) with molecular weights of 1000, 
2000, and 5000 g mol  − 1  were purchased from Aldrich Chemical 
Co., and dried over P 2 O 5 under vacuum at 40  ° C for 48 h before 
use. The branched structure of PEI (30% aqueous solution) with 
molecular weight of 10 000 and linear PEI (LPEI,  ≥ 99%) with 
molecular weight of 2500 were purchased from Polysciences 
Inc. 2,2,6,6-Tetramethylpiperidinooxy (TEMPO) was purchased 
from Aldrich Chemical Co. Morpholinoethanesulfonic acid 
(MES), 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC) 
hydrochloride,  N -hydroxysuccinimide (NHS), sodium chloride 
(NaCl), sodium hydroxide, sodium bromide (NaBr), sodium 
hypochlorite (NaCIO), anhydrous sodium sulfate (Na 2 SO 4 ), 
and chloroform were local commercial products and used as 
received. 
 2.2. Polymer Synthesis 
 The synthetic procedure of the PEI–PEG copolymer was shown in 
Supporting Information Scheme S1. 
 Synthesis of mPEG–COOH: mPEG–COOH was synthesized 
according to the method of Bekkum and co-workers. [ 5 ] Brieﬂ y, 
1 mmol mPEG and 10 mmol NaBr were added to a aqueous 
solution (20 mL), and then 10 mL of NaClO was added, followed 
by stirring for 10 min at 0  ° C in a 50 mL ﬂ ask. The pH of system 
was adjusted to 5.5 with diluent HCl solution. Subsequently, 5 mL 
of TEMPO (1 mg mL  − 1 ) was added, and the pH of mixture was 
adjusted to 3.0 by diluent HCl solution. Afterward, the mixture 
was followed by stirring for 3 h at 0  ° C. Finally, the polymer was 
extracted with 100 mL of chloroform. The extraction was dried 
with some appropriate Na 2 SO 4 . The precipitates (Na 2 SO 4 · H 2 O) 
were removed by ﬁ ltration, and then the ﬁ ltrate was distilled 
under reduced pressure to concentrate. Dried over P 2 O 5 in a 
vacuum oven at room temperature for 48 h, 1.85 g of a colorless 
solid was obtained in 92% yield. Figure S1 showed the  1 H NMR Macromol. Rapid Commun
© 2011  WILEY-VCH Verlag Gmspectrum of mPEG–COOH ( Mn  = 2000).  
1 H NMR (600 MHz, D 2 0, 
 δ ): 3.33 (s, 3H, CH 3 O), 4.06 (d, 2H, CH 2 ), 4.23 (s, 2H, CH 2 ), 3.65 
(s, 177H, CH 2 ). From the peak integration of  1 H NMR spectrum, 
the oxidation rate of mPEG was calculated ( ≈ 90%). 
 Synthesis of PEI–PEG: PEI–PEG was synthesized according 
to the procedure given in the literature. [ 6 ] PEI (0.1 mmol) was 
dissolved in a 10 mL buffer solution of MES (0.1  M ) and NaCl 
(0.5  M ). Then, 0.05 mmol NHS and 0.1 mmol EDC (molar ration 
of EDC–NHS–COO  −   = 1:0.5:1) were added to mPEG–COOH 
(0.1 mmol) solution (20 mL) to activate the carboxylic acid groups 
and the pH was adjusted to 6.0. Then, the mPEG–COOH was 
added dropwise to the 10 mL PEI solution. The reaction mixture 
was stirred for 15 h at 25  ° C in a 50 mL ﬂ ask. The crude block 
copolymer was further puriﬁ ed by exhaustive dialysis against 
distilled water using a Spectra Pore membrane with a molecular 
weight cutoff of 3500 g mol  − 1 to remove the redundant mPEG–
COOH and small molecules such as MES, NaCl, and so on. The 
dialysis was continued until the conductivity of the dialyzate 
equalled that of distilled water. The thick product was obtained 
as a buff solid in a yield of 0.89 g after the evaporation of 
water. Figure S2 showed a typical  1 H NMR spectrum of PEI–PEG 
(PEI  Mn  = 10 000, PEG  Mn  = 2000).  
1 H NMR (600 MHz, D 2 0,  δ ): 3.84 
(s, 2H, CH 2 ), 3.59 (s, 177H, CH 2 ), 3.28 (t, 2H, CH 2 ), 2.56–2.71 (m, 
914H, CH 2 ). 
 Preparation of aggregates:  α -CD aqueous solution (10% w/v, 
2 mL) was added dropwise to PEI–PEG aqueous solution (pH 
4.0) (2% w/v, 1 mL) under stirring at room temperature. After 
the solution turned to turbid, the aggregates were collected 
by centrifugation at 13 000 rpm and lyophilized for further 
utilization. Figure S3 showed a typical  1 H NMR spectrum of PEI 
–PEG– α -CD (sample 5).  1 H NMR (600 MHz, D 2 O,  δ ): 4.95 (d, 1H, 
CH), 3.89 (t, 1H, CH), 3.83 (d, H, CH), 3.79 (t, 1H, CH), 3.64 (s, 177H, 
CH 2 ), 3.52 (m, 1H, CH), 3.46 (t, 1H, CH), 2.58-2.65 (m, 914H, CH 2 ). 
 2.3. Measurements 
 The  1 H NMR spectra were recorded on an Avance Bruker 600 NMR 
spectrometer at 600 MHz at room temperature. Zeta potential of 
PEI–PEG– α -CD aggregates was measured with a Zetasizer model 
Nano-ZS, Malvern Instruments, England, and the concentra-
tions of all samples were 1%. Transmission electron microscopy 
(TEM) observations were performed on a Jeol JEM-100CX elec-
tron microscope at an accelerating voltage of 80 kV with a uni-
form concentration of 3 ‰ for all the samples. Scanning electron 
microscopy (SEM) observations were performed on a Jeol JSM-
5900LV electron microscope at an accelerating voltage of 20 kV. 
The specimens were coated with gold before SEM observations, 
and the concentrations of all samples were 3 ‰. Atomic force 
microscopy (AFM) observations were performed on a NanoScope 
MultiMode & Explore with tapping mode, and the concentration 
of all samples was 3 ‰. The X-ray diffraction (XRD) measure-
ments were performed by using Cu-K α irradiation with PHILP 
X’Pert MPD (20 kV; 35 mA; 2 ° min  − 1 ). Dynamic light scattering 
(DLS) measurements were carried out on a Brookhaven BI-200SM 
equipment at 532 nm and a scattering angle of 90 ° . The trans-
mittance was monitored by the UV–vis spectrophotometer 
measurements, which were performed by a UNIC 2800 UV/VIS 
equipment at 546 nm. . 2011,  32,  1965−1971
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 Table  1.  Synthetic results of PEI – PEG and the zeta potential of PEI – PEG –  α -CD aggregates. 
Samples 1 2 3 4 5
PEI [Mn] 10 000 10 000 10 000 2500 2500
PEG – COOH [Mn] 1000 2000 5000 2000 5000
PEI–PEG ratio [mol] a ) 1:0.67 1:1.23 1:1.05 1:2.17 1:2.00
Coil–rigid length ratio b ) 1:0.07 1:0.25 1:0.53 1:1.74 1:4.00
Zeta potential [mV]  + 41.4  + 44.9  + 39.0  + 44.1  + 37.9
Hydrodynamic diameter  D h [nm] 923 592 364 582 707
 a) The ratio of PEI–PEG calculated from  1 H NMR ;  b) The ratio of coil–rigid length calculated from the ratio of PEI–PEG and the molecular 
weight of polymer chains.  3. Results and Discussion 
 PEI is the most efﬁ cient cation polymer for gene delivery. 
Its derivative, PEI–PEG copolymer comprised of low-
 molecular-weight PEI and PEG, is considered as a good 
vector for gene delivery and drug delivery for their good 
biocompatibility. [ 7 ] The PEI–PEG was synthesized by the 
procedure given in the literature. [ 8 ] Table  1 listed the PEI–
PEG samples with different PEI–PEG ratio. 
 PEI–PEG is a water-soluble copolymer, which forms 
a transparent solution in water at pH 4.0. But when the 
 α -CD solution was added dropwise to the PEI–PEG aqueous 
solution at room temperature, the mixed solution became 
turbid gradually (the transmittances of PEI–PEG– α -CD as 
function of the mixture time were shown in Figure S4), 
indicating the formation of some kind of aggregates. 
 The morphology of PEI–PEG– α -CD aggregates was 
studied by TEM, SEM and AFM. Interestingly, both TEM 
and SEM observations show that PEI–PEG– α -CD aggre-
gates evolved from predominant hollow spheres to the 
coexistence of hollow spheres and rods then eventually 
only rods with the decrease of PEI ratio. 
 For the sample 1, TEM (Figure  1 a) and SEM (Figure  1 A) 
revealed that the aggregates were spherical particles with 
size around 400 nm, which were smaller than that of DLS 
measurements, maybe because of the shrinkage of the 
aggregates under high vacuum condition for sample prep-
aration. Most particles showed a clear contrast between 
the gray center and the dark periphery in TEM image, 
which was typical of hollow spheres as reported. [ 9–11 ] 
AFM image (Figure  2 A) provided further evidence for the 
hollow structure of particles. It can be seen that a typical 
particle showed a horizontal distance of 440 nm, similar 
to the diameters observed by TEM, indicating that the 
particles did not spread on the substrate. However, the 
height of the particles was found around 22 nm only, one 
order of magnitude smaller than the average diameter. 
This high horizontal–vertical distance ratio indicated 
that the particles contained a hollow cavity and the shells Macromol. Rapid Commu
© 2011  WILEY-VCH Verlag Gm
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substrates. [ 11 , 12 ] 
 The rod-like aggregates were highly polydisperse in 
length (500–1500 nm), but relatively uniform in dia-
meter (200–300 nm). Although in TEM images no bright 
domains can be found within the rod-like aggregates, the 
diameter of rod was still much bigger than the estimated 
length of extended PEI–PEG in samples 4 and 5 (24 nm 
for sample 4 and 42 nm for sample 5), suggesting that 
the rod-like aggregates possibly also had hollow cavity. 
AFM image (Figure  2 B) showed that the height of sample 
4 was around 34 nm, which was much smaller than the 
width (around 300 nm). Such remarkable size difference 
between the height and width was analogous to the 
hollow spheres. As reported for AFM observation, this 
result was attributed to hollow structure. [ 12 ] 
 More insights into the structures of spherical and rod-
like aggregates are obtained by ﬁ lling the cavity of aggre-
gates with a series of model molecules. Except Vitamin B 6 
and Vitamin B 12 , other model molecules are proteins or 
enzyme that have a globular shape and possess isoelec-
tric point between 7.8 and 9.6 (the characteristic of model 
molecules are listed in Supporting Information Table S1). 
At the experimental pH (pH 4.0), the proteins are in a cati-
onic form, which should minimize ionic adsorption to the 
positive charged PEI. In the case of sample 2, Figure  3 A 
showed that the encapsulation efﬁ ciencies increased and 
the leakage efﬁ ciency decreased as the molecular 
weight of model molecules increased. These results sug-
gested that the membranes of the hollow spheres were 
permeable to the molecules with molar mass of 0.3 kDa, 
but the permeability of membranes decreased when the 
molecular weight of model molecules increased further. 
AFM image (Figure  2 C) showed that the height of PEI–
PEG– α -CD nanospheres increased from 22 to 47 nm after 
introduction of bromelain, indicating the encapsulation 
of enzyme. After the nanospheres collapsed, the enzyme 
was sandwiched between two layered membranes and 
contributed to the increase in the height. However, in the n. 2011,  32,  1965−1971
bH &  Co.  KGaA, Weinheim 1967
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 Figure  1 .  TEM (a to e) image and SEM (A to E) image of PEI–PEG– α -CD aggregates 
(Samples 1 to 5). case of sample 4, the encapsulation efﬁ ciency of all model 
molecules were below 25%, and their leakage efﬁ ciency 
were all above 85% (Figure  3 B). Furthermore, in AFM 
image, the height of rods with enzyme kept at constant 
with small ﬂ uctuation (image not shown), indicating 
that almost no enzyme was encapsulated. These results Macromol. Rapid Commun. 2011,  32,  1965−1971
© 2011  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinhimplied that the rod-like PEI–PEG– α -CD 
aggregates had loose parts in the struc-
ture and the enzyme molecules diffused 
from there. 
 XRD pattern measurements were 
performed to gain further insight into 
the molecular packing with the PEI–
PEG– α -CD aggregates. Figure  4 showed 
the XRD patterns of  α -CD, PEI–PEG, 
PEI–PEG– α -CD aggregates (samples 
1 and 5), and complete  α -CD–PEG ICs 
(inclusion complex, IC). It can be seen 
that PEI–PEG showed two characteristic 
peaks of crystalline PEG at 2 θ  = 19.2 ° 
and 23.3 ° . PEI crystalline peaks were 
absent, implying that the PEI block was 
amorphous owing to its branch struc-
ture. Although their morphology was 
different, both PEI–PEG– α -CD aggre-
gates exhibited a sharp reﬂ ections at 
2 θ  = 19.9 ° , which was a typical peak 
observed for polymer– α -CD ICs. [ 13 ] The 
homoPEG crystalline peaks and  α -CD 
crystalline peak (2 θ  = 21.5 ° ) were absent. 
It was reported that below pH 8.0,  α -CD 
should thread on the PEG block exclu-
sively in the PEI–PEG copolymers due 
to the energetically unfavorable inter-
action between protonated PEI and the 
cavities of  α -CD. [ 14 ] Therefore, in present 
work, the reﬂ ection at 2 θ  = 19.9 ° was 
attributed to PEG– α -CD inclusion block. 
 1 H NMR analysis showed that the stoi-
chiometry of [EG] to [ α -CD] in PEI–PEG–
 α -CD aggregates was about 2:1 (the typ-
ical  1 H NMR spectrum of PEI–PEG– α -CD 
was shown in Supporting Information 
Figure S3), which matched well with 
the case of complete PEG– α -CD ICs. [ 13 ] 
Table  1 showed that the zeta potential 
of all the samples was around  + 40 mV, 
suggesting that the protonated PEI 
block was not included in CD cavity and 
covered the surface of aggregates what-
ever their morphology was. 
 It was reported that the CDs in PEG–
 α -CD were densely stacked forming 
strong hydrogen bonds with each other. As a result, the PEG– α -CD inclusion blocks showed rigid 
and poor solubility in water. [ 12 ] Consequently, the PEI–
PEG– α -CD complexes had both a rigid block (PEG– α -CD) 
and a coil block (protonated PEI). Jenekhe, [ 14 ] Jiang, [ 10 ] 
and our previous works [ 11 ] have proved that the rod-like 
block in the rod–coil system preferred crowded parallel eim
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 Figure  2 .  AFM image of PEI–PEG– α -CD aggregates. (A) Sample 1; (B) Sample 4; (C) Sample 1 entrapped with bromelain. packing and resulted in the formation of hollow spheres. 
In the case of PEI–PEG– α -CD hollow spheres, the mech-
anism of the aggregation is quite analogous to those 
hollow spheres. As shown in Figure  5 , with the forma-
tion of PEG– α -CD inclusion blocks, water became a selec-
tive solvent for the PEI–PEG– α -CD ICs, so micelle-like 
aggregates were formed. The expected structure of such 
an aggregate was an inner PEG– α -CD inclusion block 
surrounded by the protonated coil-like PEI shell. The 
requirement of efﬁ cient space-ﬁ lling packing resulted in 
that PEG– α -CD inclusion blocks packed parallely to form 
hollow structure. 
 An interesting ﬁ nding was that the size of hollow 
spheres decreased with the length fraction of rod-like 
PEG– α -CD increasing. As shown in Table  1 , the  D h of PEI–
PEG– α -CD aggregates decreased from 923 to 324 nm, as 
the coil–rod length ratio increased from 1:0.07 to 1:0.53. 
This behavior may be caused by the enthalpic change. We 
believe that the aggregation of PEI–PEG– α -CD in aqueous 
media is an enthalpy-driven process. As the length of Macromol. Rapid Commu
© 2011  WILEY-VCH Verlag Gm
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 Figure  3 .  The encapsulation and leakage efﬁ ciency of PEI–PEG– α -
sample 4. PEG– α -CD increased, more hydrogen bonds between CDs 
were formed. As a result, the interaction between insol-
uble PEG– α -CD inclusion blocks increased, which led to 
that the enthalpy system changed to more negative and 
micelles favored shrinkage. Jiang and co-workers [ 10 ] also 
reported the relationship between the fractions of rod-
like blocks with the sizes of the hollow spheres, which 
was analogous to our observations. 
 As the length fraction of PEG– α -CD kept on increasing, 
rod-like aggregates started to form (The  D h started to 
increase). This transition behavior can be understood 
from the necessary of space ﬁ lling packing. As we dis-
cussed above, the increase of length of PEG– α -CD 
resulted in the decrease of hollow spheres size. As the 
size of spheres decreased further, crowded long rod-like 
chains cannot packed into a sphere with large curvature 
anymore. Therefore, transition to rod shape occurred 
(Figure  5 ). Similar sphere to rod transition also observed 
for amphiphilic diblock copolymer in aqueous solution. [ 15 ] 
In the present work, rod-like block preferred parallel n. 2011,  32,  1965−1971
bH &  Co.  KGaA, Weinheim 1969
CD aggregates entrapped with model molecules. (A) Sample 2; (B) 
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 Figure  4 .  X-ray diffraction patterns of (a)  α -CD, (b) PEI–PEG, 
(c) PEI–PEG– α -CD aggregates (sample 2), (d) PEI–PEG– α -CD 
aggregates (sample 5), (e) complete  α -CD–PEG ICs. 
 Figure  5 .  Schematic illustration of the formation of the PEI–
PEG– α -CD aggregates. packing and resulted in the formation of hollow cavity. 
However, at the end of rod-like PEI–PEG– α -CD aggre-
gates, rigid inclusion blocks did not exist because of the 
limitation of space, which resulted that the encapsulated 
enzyme molecules diffusion. 
 4. Conclusion 
 α -CDs were threaded onto PEI–PEG copolymers to 
form rod–coil complexes, and these complexes could 
self-assemble to aggregates in water. Hollow spheres were 
formed by PEI–PEG– α -CD complexes with short rod-like 
blocks, whereas tubular aggregates started to form and 
their volume fraction increased by the elongation of rod-
like blocks. Because both PEI–PEG and  α -CD are biocom-
patible and degradable, these rod-like nanoparticles and 
hollow spheres are expected to play a role in therapeutic 
applications . Macromol. Rapid Commun
© 2011  WILEY-VCH Verlag Gm Supporting Information 
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